147 Nd have been studied with multispectra and γγ coincidence measurements. Twenty-four new γ-lines and three new levels have been introduced into the level scheme of 147 Nd. Lifetimes of eight excited levels in 147 Nd, populated in the β decay of 147 Pr, have been measured using the advanced time-delayed βγγ(t) method. Reduced transition probabilities have been determined for 30 γ-transitions in 147 Nd. Potential energy surfaces on the (β2,β3) plane calculated for 147 Nd using the Strutinsky method predict two single quasiparticle configurations with nonzero octupole deformation, with K=1/2 and K=5/2. We do not observe parity doublet bands with K=5/2. For pair of opposite parity bands that could form the K=1/2 parity doublet we were able only to determine lower limit of the dipole moment, |D0| ≥0.02 e·f m.
I. INTRODUCTION
Lowered excitation energies of the first 1 − states, fast E1 transitions between the K π = 0 − and ground state bands and high |D 0 | values observed in the even-even 146−150 Nd isotopes constitute an evidence that these nuclei belong to the octupole deformation region in lanthanides. Also theory assigns these isotopes to the octupole region [1, 2] . This same one should expect for the odd-N neodymium isotopes from this mass region. In these isotopes one should observe parity doublet bands connected by strong E1 transitions with high |D 0 | moments. However in Ref. [3] in which the properties of 149 Nd isotope have been studied we have obtained very low |D 0 | values for the lowest pair of opposite parity states which should constitute parity doublet in this isotope. In the present work we have undertaken investigations of octupole correlations in 147 Nd. Excited states in 147 Nd have been previously studied in the β-decay of 147 Pr [4] [5] [6] , in the neutron capture reaction [7, 8] and in the transfer reactions [9] [10] [11] [12] . Recently, high-spin states in 147 Nd have been studied with the use of the heavy ion induced fusion-fission reaction [13] . Multipolarities of several γ-transitions in 147 Nd have been established in Refs. [6, 8] by internal-conversion electron measurements. Lifetimes of the lowest levels in 147 Nd have been measured in Refs. [6, 10] . Experimental data concerning the 147 Nd nucleus are gathered in a recent compilation [14] . Despite of a rather big body of experimental data on 147 Nd no firm configuration assignment for excited levels was proposed and there is no experimental information on octupole correlations in 147 Nd. In order to obtain a better understanding of the low energy structure and to get information on octupole strength in of 147 Nd we have measured lifetimes of the excited states in this nucleus using the advanced time-delayed βγγ(t) method [15] [16] [17] . The experimental methods are briefly described in Section II, while a new level scheme for 147 Nd and the lifetime results are presented in Section III of this paper. In Section IV experimental results are discussed and results of theoretical calculations are presented. In particular, results of potential energy calculations on the (β 2 ,β 3 ) plane and theoretical values of |D 0 | moments are shown.
II. EXPERIMENTAL DETAILS
Measurements were carried out at the OSIRIS on-line fission-product mass separator at Studsvik in Sweden [18] . Excited 
The A=147 nuclei were produced in the fission reaction of 235 U induced by the thermal neutrons from the R2-0 reactor at Studsvik. The 235 U target consisted of about 1 g of uranium dispersed in graphite. The A=147 activity, mass separated from other fission products, was deposited onto an aluminized Mylar foil in a moving-tape collection system at the center of the experimental setup. Each measuring cycle was divided into eight sequential time-bins, each lasting 40 s. To 'clean up' spectra from the activities coming from the 147 Pr predecessors our radioactive samples were cumulated during first 135 s of each cycle. Then the beam was deflected and the data were collected during the rest of the cycle.
Two experiments have been performed. In the first one the multispectra (MSS) and β-gated γγ coincidence data have been collected. In this experiment one LEP Ge detector with energy resolution FWHM of 0.6 keV at 81 keV, one 30% HPGe detector with FWHM of 2.1 keV and one 80% HPGe detector with FWHM of 2.9 keV at 1333 keV have been used. A 3 mm thick NE111A plastic scintillator was used as a β-detector. About 1.2×10 8 double coincident events have been collected.
In the second experiment lifetime measurements have been performed using the advanced time-delayed βγγ(t) method [15] [16] [17] . In this method the fast timing information was derived from coincidences between fast-response β-and BaF 2 γ-detectors, while an additional coincidence with a Ge γ-detector was used to select the desired γ-cascade. In this experiment the setup consisted of one BaF 2 detector, one HPGe detector with efficiency of 30% and FWHM of 2.1 keV at 1333 keV, and one β-detector. The latter was a 3 mm thick ∆E NE111A plastic detector to ensure almost constant, independent of the β-particle energy, time response of the fast timing system. About 2.2×10
6 β-Ge-BaF 2 (t) coincident events have been collected. Several sets of the β-gated coincidence γ-ray spectra from the Ge and BaF 2 detectors and triple coincidence βγγ(t) time-delayed spectra have been sorted in the off-line analysis. Gating conditions set on the β-spectrum were chosen to keep the time response constant in the whole range of selected β particle energies.
III. EXPERIMENTAL RESULTS

The results for
147 Nd are presented in Figs. 1 − 4 and in Tables I and II . Gamma-lines were assigned to the 147 Nd level scheme based on the MSS and γγ coincidence results. Fig. 1 presents examples of the decay curves for γ-transitions emitted in the β-decay of 147 Pr obtained in the MSS measurements. The average half-life of 147 Pr obtained from these measurements, 13.39(4) min, is in agreement with value 13.4(3) min given in Ref. [14] .
The level scheme was constructed based on the β-GeGe data. Moreover several lines were placed in the level scheme based on the energy fit. Examples of coincident γ-ray spectra collected with the Ge detectors are shown in the upper panels of Figs. 2 − 3, while a new level scheme for 147 Nd is presented in Fig. 4 . Level and gamma-ray energies and gamma-ray intensities determined in the present work are given Tables I and II. Where available, the E2/M1 mixing ratios of γ-transitions were taken from Ref. [14] .
In general our level scheme for 147 Nd agrees well with the one obtained by Shibata et al. [6] . Twenty-four new γ-lines and three new levels have been introduced into the decay scheme of 147 Pr. They are marked with asterisks in Figs. 4a−c and in Tables I and II . New levels have energies 830.0, 1761.9 and 2070.4 keV. The latter two may correspond to the 1759 ± 5 and 2068 ± 5 keV levels, observed in the transfer reactions [14] . Also the 147 Pr β-decay data obtained with the total absorption γ-ray spectrometer [19] spectra due to limited statistics but which have been reported in Ref. [14] , are drawn with dotted lines in the level scheme. Level lifetimes were determined from the analysis of the triple coincidence β-Ge-BaF 2 data. Examples of γ-ray BaF 2 spectra coincident to the gating transitions selected in the Ge detector are shown in the lower panels of Figs. 2 − 3.
Lifetimes longer than about 40 ps, which manifest themselves by a strong asymmetry (or slope) on the delayed side of the time spectra, have been determined using the de-convolution method [15] . Examples of such time-delayed spectra for the 127.9, 214.6 and 314.7 keV levels in 147 Nd are shown in Fig. 5 . The fitted function includes four free parameters, namely position and FullWidth-at-Half-Maximum of Gaussian, which approximates prompt time response of the timing detectors, the half-life value and one parameter, which provides an overall re-normalization between the experimental and fitted time spectra. More details on the fitting procedures are given in Ref. [15] . The half-lives for the levels at 49.9, 127.9, 214.6, 314.7 and 604.5 keV have been determined (7) 3.8(4) (8) 56 (7) 3/2 − 3/2 E1 0.00435 ≥ 4.6 · 10 −5 577.973 (8) 187
a γ-ray multipolarities and δ 2 (E2/M1) mixing ratios are taken from Ref. [14] .
b Total internal conversion coefficients are taken from ref. [20] . c In units e 2 f m 2 for E1 transitions, e 2 f m 4 for E2 transitions, µ 2 N for M1 transitions and µ 2 N f m 2 for M2 transitions. d γ-ray energy is from Ref. [14] . γ-ray intensity is re-calibrated from data of Ref. [14] .
by the de-convolution method.
Lifetimes shorter than 40 ps were measured using the centroid shift method [15] , in which the mean lifetime τ =T 1/2 /ln2 is determined as a shift of the centroid of the time-delayed spectrum from the prompt curve at a given γ-ray energy. This method is based on the concept of a two γ-ray cascade [15] . When a gate on the Ge detector is set on the bottom member of the γ-ray cascade, de-exciting intermediate state, and a gate on the BaF 2 detector is set on the top γ-ray, de-exciting high energy excited state in a nucleus, one obtains first centroid position of the time-delayed β-BaF 2 spectrum giving a ref- erence point at the energy of the top γ-ray. By reversing gates on the BaF 2 and Ge detectors, namely by selecting the top member of the cascade in the Ge detector, and the bottom member in the BaF 2 crystal we determine second time centroid position at the energy of the bottom γ-ray.
By shifting both centroids to place the first centroid on the reference time curve we obtain the meanlife of the intermediate level as a distance of the second centroid from the reference curve. The reference time curve was constructed from the β-gated γγ data measured for the in 147 Nd.
The half-life values obtained in present work for excited states in
147 Nd are given on the level scheme and are listed in the third column in Table I . Up to now only halflives for first three excited states had been determined in 147 Nd [14] . Our half-lives obtained for these levels agree very well with values given in Ref. [14] . For next 3 excited states only the nanosecond half-life limits had been previously known (see column 4 of Table I ). We have determined much more precise half-life values for them.
Reduced transition probabilities have been determined from the level lifetimes and the relative γ-ray intensities using total internal conversion coefficients from ref. [20] . 
Values of reduced transition probabilities obtained in this
work for 30 transitions in
147 Nd are listed in the last column of Table I . The occurrence of strong octupole correlations in odd-A nuclei is manifested by the presence of parity doublet bands connected by the enhanced E1 transitions with the reduced transition probabilities B(E1) of order 10 −3 e 2 f m 2 [2] . In the case of parity doublet bands with K π =1/2 ± the decoupling parameters are expected to be of equal magnitudes and of opposite signs.
Our potential energy calculations from Sec. IV C performed for 147 Nd predict two octupole-soft states with K=1/2 and K=3/2 and two otupole-deformed states with K=1/2 and K=5/2 at lowest excitation energies. So we should expect in our data two parity doublet bands, one with K π =1/2 ± and one with K π =5/2 ± . Ground state and the 49.9 keV state with spin 7/2 − are candidates for the K π =5/2 − band per analogy with 149 Nd [3] . Magnetic |g K − g R | factor for this band deduced from the B(M1) value for 49.9 keV transition treated as pure M1 would be 0. states are equal 5.3(7), 9.7(13) and 1.8(3), respectively. They agree very well with the theoretical branching ratios 5.0, 9.0 and 1.8, calculated with Alaga rule [21] assuming K=1/2 for all four states. We suggest that 214.6, 463.6 and 127.9 keV states form the K π =1/2 − band in 147 Nd with E 0 parameter, rotational parameter A and decoupling parameter a equal 285.7 keV, 7.93 keV and 9.47, respectively. The quadrupole moment Q 0 for this band, calculated from from the reduced transition probability for 86.7 keV line given in Table I , is equal 284(16) e·f m 2 .
The B(M1) branching ratio for 186.8 and 100.1 keV transitions (see Table I 1398.2 keV level where we obtain 1.2(2) and 1.5 for experimental and theoretical values, respectively. Next B(E1) branching ratio for the 949.4 and 746.9 keV transitions de-exciting the 1264.1 keV level to the 314.7 and 516.7 keV states, equal 0.8(1), agrees with theoretical value 0.7 when the 1264.1 keV level has K π =1/2 + and the 314.7 and 516.7 keV states have K π =3/2 − . Above branching ratios indicate that the 314.7 and 516.7 keV states constitute a band with K π =3/2 − . Proposed band structure for 147 Nd is shown in Fig. 7 .
B. Octupole correlations in 147 Nd
We do not observe the K π =5/2 + band at the lowest excitation energies in 147 Nd, although its population should be enhanced due to the 5/2 + ground state spin of the mother nucleus. Neither we see the K π =1/2 + band close to the 147 Nd ground state. The lowest excited states with opposite parity that could be candidates for the parity doublet members are the I π K=3/2 + 1/2 769.4 keV and the I π =3/2 + 792.6 keV levels. We were able to determine only the upper limits of their half-lives, T 1/2 ≤16 ps, for both of them. The lower limits of the B(E1) values for the γ-transitions depopulating these two levels are given in Table I. A generally adopted way of comparison of the E1 strength over a wider range of nuclei is offered by the intrinsic electric dipole moment, |D 0 |, which removes the spin dependence affecting the B(E1) rates. Assuming a strong-coupling limit and an axial shape of the nucleus, the electric dipole moment, |D 0 |, is defined (for K = 1/2) via the rotational formula:
The |D 0 | moment is used as a convenient parameter for the inter-comparison even for transitional nuclei. The lower limit of |D 0 | obtained for transitions deexciting the level at 769.4 keV in 147 Nd to the 463.6, 214.6 and 127.9 keV states from the lower K π =1/2 − band is |D 0 | ≥0.02 ef m. In case of the 792.6 keV level, if this level has K=1/2 the lower limit for the 328.9, 578.0 and 664.6 keV transitions de-exciting this level to the lower K π =1/2 − band is |D 0 | ≥0.04 ef m and if it has K=3/2 it is |D 0 | ≥0.02 ef m for the 477.8 keV transition to the K π =3/2 − band. Experimental information on |D 0 | moments in the odd-N isotopes in lanthanides is very scarce. Reported |D 0 | values are very low, much lower than in the even-even neighbors, or no parity doublet bands are found at low excitation energies. Low |D 0 | values have been determined for 149 Nd [3] (see also [24] , lying at the very center of the octupole region in lanthanides. Even the ground state spins of these two isotopes can be reproduced without involving octupole correlations [23, 24] . In 147 Nd we were only able to determine lower limit of |D 0 | for the K=1/2 parity doublet band, however nonobservation of the K=5/2 parity doublet band may suggest that the |D 0 | values in this isotope are as low as in 149 Nd and 149 Ce. The |D 0 | behavior in the odd-N isotopes in lanthanides is different from smooth dependence versus neutron number N predicted by the theory (see Table III for Nd isotopes) or observed in thorium isotopes in the actinide octupole region (see Fig. 10 in Ref. [3] ). Low |D 0 | values in the odd-N isotopes do not result from quenching caused by opposite signs of macroscopic and shell-correction components of the dipole moment (see Sec. IV D).
Recently new high spin data have been reported for the 147 Ce nucleus in Ref. [25] . The |D 0 | moments calculated from the B(E1)/B(E2) values given in this reference are 0.18 (1) excitation energies. It is possible that the presence of odd neutron blocks octupole correlations at low excitation energies in the odd N isotopes. More experimental information on the parity doublets and dipole moments in 147 Nd and in other odd N isotopes in lanthanides is needed to understand the |D 0 | moments behavior in nuclei from this region.
C. Potential energy surfaces
Energy surfaces over (β 20 ,β 30 ) plane were calculated for the lowest single-particle configurations in 147 Nd by using the macroscopic-microscopic method. Macroscopic energy was calculated using the Yukawa plus exponential model [28] with parameters specified in [29] . A deformed Woods-Saxon potential potential [30] with the universal set of parameters [31] was used to calculate the microscopic energy.
We used a β parametrization, β = (β 20 , β 30 , β 40 , β 50 , β 60 , β 70 , β 80 ), in which the shape of a nucleus is described by the formula:
where R(θ) is the nuclear radius and c({β}) is the volume-fixing factor. Considered single particle configurations were chosen by blocking the odd neutron on a desired single particle state with a given K. Energies were calculated on a grid of 1361367 points defined by deformation values: 
D. Theoretical electric dipole moments
Reduced probabilities of electromagnetic (EM) transitions between the rotational band built on the onephonon state and the g.s. band can be calculated assuming the fixed structure of both the phonon and the collective rotor [32] . For an operator M of the multipolarity λ one has in odd-A nucleus
with M(λ, ν) the intrinsic spherical component. For dipole transitions between pear-shaped parity-doublet bands M(E1, 0) = [3/(4π)]
1/2D
z , where the dipole momentD = e(N p r p − Z n r n )/A.
In the strong coupling limit with two octupole minima at ±β eq 30 , the transition matrix element D t is calculated as the intrinsic dipole moment at this deformation of equilibrium. In this case, β eq 30 = β π− 30 , the expectation value of β 30 in the first excited state of negative parity, nearly degenerate with the g.s.
For shallow minima, closer to oscillation scenario, the degeneracy between parity-doublet bands is shifted. The transition matrix element in the intrinsic frame between the g.s. and the lowest excited state of negative parity | π− may be approximated by a diagonal matrix element of the transition operator in the mean-field state with the deformations β We calculated expectation values of the electric dipole moment in the intrinsic states as a sum of the macroscopic and shell-correction parts, see e.g. [1, 33] . The macroscopic part, derived within the Droplet Model in [34] , was calculated as in [35] , i.e. without assuming small deformations β λ0 . It turns out (Table III) that intrinsic dipole moments at equilibrium deformations for two configurations: K = 1/2 and 3/2 (levels no 43 and 44) interpolate the values for 146,148 Nd. Both macroscopic and shell correction contributions have the same sign, so no reduction of D 0 due to their cancellation is possible. Thus, the dipole moments inferred from experiment do not fit the picture of parity doublet bands.
V. SUMMARY
The advanced time-delayed βγγ(t) method has been used to measure half-lives of 8 excited states in 147 Nd. Reduced transition probabilities were obtained for 30 transitions. Twenty-four new γ-lines and 3 new levels have been introduced into the decay scheme of 147 Nd based on the results of the β-gated γγ coincidence measurement.
The potential energy surfaces on the (β 2 ,β 3 ) plane and theoretical |D 0 | values suggest the presence of octupole deformation in 147 Nd at low excitation energies for two configurations with K=1/2 and K=5/2. This suggestion is supported by high experimental |D 0 | values in two even-even neighbors of 147 Nd. For the K=1/2 configuration we were able to determine only lower limit of the dipole moment, |D 0 | ≥0.02 e·f m. However nonobservation of the K=5/2 parity doublet band may suggest that in 147 Nd the |D 0 | values are as low as observed in other odd N isotopes at low excitation energies. Probably strong octupole correlations should be searched at higher excitation energies in the odd N isotopes from the lanthanides octupole region.
